We investigated the potential importance of learning in habitat choice within a young hybrid zone of two closely related species of birds. Pied flycatchers (Ficedula hypoleuca) are being excluded from deciduous habitats into a mixed forest type by collared flycatchers (F. albicollis). We investigated whether this enforced habitat shift influenced reproductive isolation between the two species, and, by cross-fostering nestlings, we tested whether learning may lead to a corresponding shift in habitat choice in consecutive generations. Our results show that the majority of the recruits, even if translocated across different habitat types, return to breed in the area where they were fostered. As male pied flycatchers were more likely to hybridize in the originally preferred habitat, we argue that early imprinting on an alternate habitat can play an important role in increasing reproductive isolation and facilitate regional coexistence between species experiencing secondary contact.
Introduction
In the past decade, a revived interest in the role of adaptation to different environments in speciation, that is, ecological speciation, has emerged [1] [2] [3] [4] . One important mechanism underlying ecological speciation is the buildup of reproductive isolation caused by habitat segregation (i.e., habitat isolation, e.g., [5] ). Theoretical models of sympatric speciation generally include disruptive selection in resource use, which by extension can lead to differences in habitat choice and thereby reduced interbreeding [6] [7] [8] [9] [10] [11] [12] . Adaptive differences in habitat use can moreover evolve among allopatric populations, resulting in habitat isolation at secondary contact [13, 14] . Habitat isolation between species can also evolve at secondary contact, where reinforcement and competition are plausible drivers [15] .
One factor suggested to potentially both promote and reduce the likelihood of ecological speciation is phenotypic plasticity [16] . Phenotypic plasticity can be defined as changes in an individual's behavior, morphology, and physiology directly induced by different environmental conditions [17] [18] [19] and is adaptive if individuals showing a plastic response have higher fitness than those that do not. In particular, moderate levels of plasticity appear to enhance evolution in novel environments by placing populations under directional selection towards new adaptive peaks [17] . Thibert-Plante and Hendry [16] found that plasticity also could counteract the buildup of reproductive isolation between populations after colonization of new environments. This is because selection against immigrants can be mitigated if dispersal occurs before the plastic adjustment to the environment. Thus, plasticity may have a large impact on the speciation process. Still, an underlying assumption in many models on the evolution of habitat isolation is that habitat choice is a genetically determined trait. However, learned habitat choice occurs in several animal species [20] and may, together with other forms of learning (e.g., sexual imprinting; [21] ), be of importance in relation to speciation [6, 16, 18, 22, 23] . Beltman and Metz [24] found that speciation is more likely to occur through a learned than through a genetic habitat preference, unless the cost of learning is high, which, together with recent empirical findings (reviewed by [20, 25] ), indicates that the relevance of learning in speciation may have been underestimated.
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In this study, we use a combination of long-term breeding data and an experimental approach to investigate mechanisms behind divergence in habitat choice within a young hybrid zone of two closely related, hybridizing, and competing species of Ficedula flycatchers. Collared (Ficedula albicollis) and pied (F. hypoleuca) flycatchers cooccur in central and eastern Europe and on the Baltic isles ofÖland and Gotland in Sweden [26] . The two species started to diverge 1-2 million years ago and were probably periodically isolated in separate glacial refuges during the Pleistocene, before expanding their breeding ranges northward [27] . Both species are migratory and winter in Africa in separated, but probably slightly overlapping, areas [28] . Pied flycatchers migrate along the Iberian Peninsula and winter in western to central Africa, and collared flycatchers winter in southeastern Africa, taking a more eastern migration route through Italy or further east [28, 29] . Males of the two species compete fiercely over natural tree holes or nest boxes after arrival at the breeding grounds in Europe [30, 31] , and the two species overlap in timing of breeding [32] and feeding habits [33] suggesting strong interspecific competition. Collared flycatcher offspring have a higher growth potential under favorable environmental conditions [32, 34] , but pied flycatchers are relatively more robust to harsh environments and towards the seasonal decline in food availability, providing them an opportunity to prolong coexistence with the otherwise more aggressive collared flycatchers [32, 34] . Pied flycatchers prefer to breed in deciduous forests [29] but are often found in coniferous forests onÖland [35] . The proportion of deciduous trees in pied flycatcher territories has declined in recent years as the number of collared flycatchers has increased [36] suggesting that competitionmediated habitat segregation is currently taking place. Here, we investigate potential mechanisms enhancing divergent habitat choice in these two ecologically similar Ficedula flycatcher species. More specifically, we test the role of learning in maintaining initially enforced shifts in habitat choice.
Material and Methods

Study System. Collared flycatchers started to colonizë
Oland, where pied flycatchers were already present, in the late 1950s-early 1960s, and since then the relative proportion of pied flycatchers has quickly declined in the most favorable breeding sites [32] . There is species assortative mating in the mixed study population onÖland, but 5% of all pairs are heterospecific, and approximately 2-7% of the breeding flycatchers in different mixed populations are hybrids (reviewed in [26] ). Male hybrids have lowered fitness, mainly due to disadvantages in competition over mates, while female hybrids are sterile in accordance with Haldane's rule [37] . On Oland, the two species breed in 21 nest-box areas situated across the island (Figure 1 ). The landscape onÖland is characterized by a limestone plain covered by a thin soil layer. The southern part of the island is dominated by agricultural land, the middle part by deciduous forest, and the very north of the island contains mixed or coniferous dominated forests (Figure 1 ). Females lay one egg each day, and every nest boxÖ is monitored every third day to assess the starting day of egg laying. All breeding birds and their offspring are marked individually with numbered metal rings, and a small amount of blood is sampled for genetic analyses. Yearly records are kept on onset of egg laying, clutch size, hatching date, hatching, and fledging success. Morphological characters are measured in a standardized manner [30] . Adult females are caught when incubating the eggs, and adult males are caught when feeding the nestlings. Nestlings are weighed at day 7 and 13, and tarsus length is measured at day 13, a couple of days before fledging. Monitoring of the nest boxes has been performed during the periods 1981-1985 and from 2002 onwards. The breeding habitat was measured as the abundance of each tree species 360
• around the nest boxes using a "relascope" (see [35] ), which is a scale held at a fixed distance from the eye. By looking through an opening in the scale, individual trees are assigned into three categories based on trunk size and distance from the nest box. To investigate whether the habitat choice of pied flycatchers influences the risk of hybridization, we compared the habitat composition of con-and heterospecifically paired male pied flycatchers. 
Cross-Fostering Experiment.
We investigated the role of early learning in breeding habitat choice by comparing patterns of recruitment of birds that had been reared by foster parents. To increase the likelihood of recruiting nestlings reared in a new environment, we swapped complete clutches of eggs three days before the expected hatching date between different nests; the genetic parents nest (i.e., the nest of origin) and the foster parents nest (i.e., the nest of fledging). The cross-fostering experiment was performed between three nests with the same clutch size and date of egg laying: from collared flycatcher to collared flycatcher (to be used as a control in another study; Vallin et al. unpublished manuscript), from collared flycatcher to pied flycatcher with the pied flycatcher eggs thereafter being translocated back to the original collared flycatcher nest (Figure 2(a) ). In addition, we also included recruits stemming from earlier cross-fostering experiments in our analysis. In these crossfostering experiments, broods with coinciding hatching dates were split in half and nestlings were swapped between nests at the age of three days (e.g., [34, 38] , Figure 2(b) ). In one study [32] , cross-fostering was performed with an additional brood size manipulation to simulate good and harsh environments. All nestlings were individually marked by clipping their toenails to enable individual measurements of growth and to ensure correct identification of species and nest of origin. JMP 8 (SAS Institute, Cary, NC, USA) was used to analyze the data.
Results
Pied flycatchers are currently being excluded from the preferred deciduous habitats onÖland, and we compared how the general habitat composition (proportion of deciduous trees) influenced the chance of pairing with a con-or heterospecific female among male pied flycatchers using a generalized linear model adjusted for overdispersion with binomial errors and a logit link. We found that hybridizing male pied flycatchers had a significantly higher proportion of deciduous trees in their breeding territories than males paired to a conspecific female (N = 202, df = 1, χ 2 = 14.19, P < 0.001, Figure 3 ). We used cross fostering experiments to investigate whether learning may influence habitat choice. In total, we included 264 nests subject to cross-fostering between the years 2002-2009 in these analyses: 96 nests where eggs were translocated and 168 nests where nestlings were crossfostered. Many of the study plots are located far apart (maximum distance ∼85000 m, Figure 1 ) with pronounced differences in habitat composition [32] . We compared the general habitat composition (proportion of deciduous trees) among the pied and collared flycatcher territories that nestlings were swapped between using a generalized linear model adjusted for overdispersion with binomial errors and a logit link. We found that the habitat composition of pied and collared flycatchers included in the experiment was significantly different (N = 48, χ 2 = 10.62, df = 1, P = 0.001), with a higher proportion of coniferous trees in pied flycatcher territories (Figure 4) . Thus, in general nestlings that were swapped into a new nest experienced a different rearing environment than they would have done if they had been reared by their genetic parents.
We identified 49 recruits stemming from the experimental nests. The average recruitment rate was 4.3% (40 recruits from 933 confirmed fledged offspring, i.e., data on fledging success were missing from the nests of 9 recruits). There was no significant difference in recruitment between nests depending on whether eggs or nestlings were swapped (N = 218, χ 2 = 0.704, df = 1, P = 0.40), and no significant difference in recruitment between the species (N = 218, χ 2 = 0.386, df = 1, P = 0.53); pied flycatchers recruited 21 juveniles from a total of 431 confirmed fledged offspring and collared flycatchers recruited 19 juveniles from a total of 502 confirmed fledged offspring. Of the 49 recruits from the cross-fostering experiments, 30 (61.2%) were recruits that had been swapped into a different rearing nest than the one attended by their genetic parents, and 24 of those were recruits from swaps between pied and collared flycatchers: 20 collared flycatchers (11 males and 9 females) and 4 pied flycatchers (1 male and 3 females). Thus, collared flycatchers had a significantly higher chance of recruiting back to the population compared to pied flycatchers when being raised by foster parents (two-tailed Fisher's exact test: N = 24, P = 0.03). We applied a matched pairs t-test to test whether nestlings cross-fostered between pied and collared flycatchers returned closer to the breeding site of their genetic parents or to the breeding site of their foster parents. GPS coordinates (Swedish grid system RT90) of the nest-box locations were taken and the Euclidean distance in meters between them calculated using Pythagoras' formula.
The distance between the nest where the recruits returned to breed and the nest of the foster parents was significantly shorter than the distance between the nest where they bred as recruited and the nest of origin (mean difference = 21732 m, N = 24, t = 3, 92722, df = 23, Figure 5 ). Lastly, we tested whether recruited offspring that had been translocated between habitat types returned to breed in a habitat different from their genetic parents. The pied flycatcher recruits had all been swapped between different nestbox areas and had a significantly higher mean proportion of deciduous trees in their breeding territory as compared to their genetic parents (two-tailed Fisher's exact test, N = 8, P = 0.009, Figure 6(a) ). Similarly, an analysis with a subset of collard flycatcher recruits that had been swapped between different nest-box areas revealed that also juvenile collared flycatchers shifted their breeding habitat choice when they had been reared in a different environment as compared to their genetic parents (two-tailed Fisher's exact test, N = 28, P = 0.0240, Figure 6(b) ).
Discussion
Pied flycatchers are currently being rapidly excluded from their preferred deciduous habitats onÖland and are instead increasingly found breeding in mixed or coniferous forests [32, 36] . We tested if the breeding habitat of male pied flycatchers influenced the risk of hybridizing and found that male pied flycatchers were more likely to pair with a heterospecific female in deciduous habitats, that is, the observed shift in habitat occupancy increases premating isolation between the species. We investigated whether learning may speed up segregation in habitat choice. By cross-fostering nestling Ficedula flycatchers, we found that the recruits, that is, one-year old birds returning to breed themselves, settled closer to the territory of their foster parents than to the territory of their genetic parents ( Figure 5 ). In fact, the majority of the recruits, even if translocated into a different habitat type, returned as adults to breed in the same woodlot as they were fostered into. A similar pattern was found for both species but the comparatively low proportion of pied flycatchers returning to breed as adults after being raised by foster parents (4 pied flycatchers versus 20 collared flycatchers) means that we cannot investigate if there is a difference in the strength of learned habitat choice between the two species. The difference in recruitment per se is likely to reflect the fact that pied flycatchers are having problems establishing territories in areas inhabited by collared flycatchers [39] . Another potential source contributing to the biased pattern of recruitment might be that collared flycatcher nestlings sharing nests with pied flycatcher nestlings have a competitive advantage in achieving food from the parents [38] , which could increase the likelihood of reaching a threshold weight for successful recruitment (e.g., [29] ).
Several studies indicate a poorer quality in terms of availability of the food that flycatchers feed their nestlings with in coniferous habitats as compared to deciduous habitats [35, 40, 41] , and allopatric populations of pied flycatchers experience higher reproductive success in deciduous habitats [29, 42] . Coniferous habitats are therefore unlikely to be the originally preferred habitat of pied flycatchers and in the young hybrid zone onÖland competition with collared flycatchers appears to be responsible for a rapid shift in habitat occupancy [36] . Our present study provides a mechanism by which a competition-mediated switch into a suboptimal habitat could result in a changed habitat choice through learning. We found that being reared in the initially less preferred habitat even makes collared flycatchers return to breed in this habitat as young adults. By extension, the fact that young birds develop a preference for breeding in the same type of habitat as they were reared in means that an enforced habitat shift due to competition quickly can result in divergence in habitat choice and strengthen premating isolation.
One may argue that a possible alternative explanation to our findings is that flycatchers exhibit a genetically fixed strategy to return to breed within a certain distance from their parents' nest. However, several previous findings are not compatible with this alternative view. On the Swedish mainland, pied flycatcher nestlings and their parents do not stay in close vicinity to the nest site once the offspring are fledged and the nestlings do not return to breed within the same areas as their parents [29] . On the islands ofÖland and Gotland, such movements are more limited. Moreover, aviary experiments performed in the older hybrid zone in central Europe suggest that pied flycatchers have developed a preference to feed in coniferous trees [43] , and these birds were caught in a coniferous habitat as the process of habitat segregation has reached a later stage in this older hybrid zone [44] .
For how long do the fledglings stay in their natal area, and when does imprinting occur? Van Balen [45] studied postfledging dispersal in a Dutch pied flycatcher population and found that juvenile birds tend to stay within 600 m of their hatching site up to about 50 days. Berndt and Winkel [46] transferred both eggs and fledglings (about 36 days old) of pied flycatchers between areas located 250 km apart in northern Germany. They found that all returning birds came back to the area where they had been transferred, showing that imprinting can take place even after three weeks postfledging. A recent study on flycatchers reveals that it is possible to translocate also adult birds between environments [47] . Apart from opening up new possibilities to study the fitness consequences of breeding in different habitats, this finding also indicate that the importance of plasticity and learning in general might have been underestimated in studies of avian habitat choice. By showing that birds that have been experimentally reared in a different environment, as compared to their genetic parents, subsequently return to the area of their foster parents, our results provide additional support for the importance of early learning in habitat choice, also on a small geographical scale.
In a few cases, the birds recruiting from our experiment settled to breed relatively far away from their foster area. Although we cannot make any inferences from those few cases, future studies could try to pinpoint detailed differences in dispersal strategies and habitat choice in relation to, for example, population density, relative frequency of competitors, and variation in microhabitat quality. Natal conditions are likely to affect dispersal propensity in a number of ways. For example, high-quality habitats may produce more individuals prone to disperse as compared to low-quality habitats [48] . Lens and Dhondt [49] found a link between habitat condition and natal dispersal in crested tits (Parus cristatus), where individuals from higher quality habitats dispersed more readily than individuals from lowerquality habitats. Heritable differences in dispersal propensity in coupling with other behaviors (e.g., aggression) have been suggested to be especially important during natural range expansions or hybrid zone movements in birds [50] . However, as Davis and Stamps [20] point out: if dispersers have a strong innate preference for their natal habitat type, the degree of similarity between patches will influence the rate of dispersal such that dispersal into novel habitats is prohibited. On the other hand, recent bird studies indicate a strong role for habitat-related cultural transmission through early learning, for example, in the feeding strategy of great tits [51] , natal dispersal of pied flycatchers [52] , and habitat selection in the warbler finches of Galápagos, where females choose to breed on islands with habitats similar to their natal environment [53] .
Tonnis et al. [53] found a positive correlation between genetic distances in the warbler finches of Galápagos and differences in maximum elevation among islands and concluded that habitat selection may have helped to initiate the speciation process. The genetic component of habitat preferences might be larger in more specialized populations, and speciation may occur as assortative mating evolves [24] . The effectiveness of learned habitat preferences in speciation could be due to being a one-allele mechanism [54] , whereas speciation through a genetic habitat preference has been suggested to be a two-allele mechanism [24] . In other words, when habitat choice is genetically determined, genetic recombination can lead to a breakdown of the associations between the alleles underlying habitat choice and the alleles underlying ecological adaptation, whereas this is not a problem with a learned habitat preference. Song learning is another example of a culturally transmitted trait in birds suggested to operate in a similar way [55] .
In summary, we have shown that an enforced shift in breeding habitat choice can be further enhanced by early imprinting on the natal area. From a theoretical point of view, learned habitat choice might be a powerful mechanism of generating assortative mating [24] . When one species shifts breeding habitat due to interspecific competition, segregation in habitat choice will increase (and premating isolation as a side effect) when recruitment into the alternative environment exceeds recruitment into the originally preferred environment due to learning (i.e., imprinting on the natal environment). Thus, learned habitat choice can play an important role both in enhancing reproductive isolation and in facilitating regional coexistence at secondary contact between diverging populations.
